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We investigate supersymmetric SU (4) c x SU(4) l+r theory in 5 dimensions whose compactification 
on a S^ /Z2 orbifold yields N = 1 supersymmetric SU{A) C x SU(2)l x SU(2)r supplemented by a 
(7(1) gauge symmetry. We discuss how the {i problem is resolved, a realistic Yukawa sector achieved, 
and a stable proton realized. Neutrino masses and oscillations are also briefly discussed. 
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I. INTRODUCTION 

The minimal supersymmetric standard model (MSSM) 
provides an elegant, albeit only partial resolution of the 
gauge hierarchy problem. The apparent unification at 
M G (~ 2 • 10 16 GeV) of the three MSSM gauge couplings 
[1] hints at the existence of an underlying supersymmet- 
ric grand unified theory (SUSY GUT). Recent excite- 
ment about higher dimensional SUSY GUTs is primarily 
sparked by the observation [2] that the notorious doublet- 
triplet (DT) splitting problem can be resolved through 
suitable boundary conditions on an appropriately chosen 
orbifold [2] , [3] . The magnitude of Mq also seems consis- 
tent with the scale of lepton number violation, thereby 
providing the possibility of explaining the atmospheric 
[4] and solar [5] neutrino anomalies through neutrino os- 
cillations. 

In the absence of extra dimensions, the choice of SUSY 
GUT is normally dictated by the requirement that the 
known matter multiplets fall into chiral families [6] . This 
imposes limitations on possible gauge groups, and in 4D, 
the simplest choices are SU(5), 50(10), etc. However, 
in the presence of extra dimensions, dimensional reduc- 
tion can yield chiral 'zero' modes on a boundary sub- 
space, even if the initial 5 (or higher) dimensional theory 
is vector-like. This opens up the possibility of discussing 
new unified groups in higher dimensions. 

In this paper we follow this reasoning and consider 
SUSY SU(4) C x SU(4) L+R gauge theory [which, in turn, 
can be embedded say in 5*0(12)] in five dimensions. 
Through compactification on a S' 1 ^ /Z2 orbifold, we ob- 
tain four dimensional N = 1 SUSY SU(4) C x SU(2) L x 
SU(2)r [7], supplemented by an apparently anomalous 
U(l) symmetry. The desired 'matter' as well as 'scalar' 
supermultiplets emerge after proper selection of parities 
under Z2. At the 4D level, the anomalies due to U(l) 
are canceled by the contribution from bulk Chern-Simons 
term [8]- [13] and additional states on fixed point(s) are 
crucial. Let us note that there are wide class of string 
constructing models, which in 4D low energetical limit 



give anomalous U(l) factors. The latter can be can- 
celed by the Green-Schwarz mechanism [14]. The 5D 
scenario considered here is transparent field-theoretical 
example of GUT model, which after compactification 
breaking gives anomalous U(l). Let us note also that 
in [15], [12] the 5D SU(3)w unified models, involving 
gauge symmetry and SUSY breaking, were considered 
and got discussed extensively consistency of these type 
of models from the viewpoint of anomaly cancellation 
[11]-[13] . Together with Chern-Simons term, the selected 
additional states on the fixed points can play crucial role 
for anomaly cancellation [12], [13]. In difference from 
SU(3)w model, considered 5t/(4) c x SU(4)l + u scenario 
unifies left-right SU(2) L x SU(2) R group (of Pati-Salam 
[7]) in a single SU(4)l+r- Being broken at the low en- 
ergies, the latter could give interesting phenomenological 
implications. 

We discuss how realistic phenomenology emerges in 
4D. An extra triplet state decouples at a high mass scale, 
while the DT splitting problem does not exist at all. The 
breaking of U(l) symmetry is guaranteed by the Fayet- 
Iliopoulos D-term, with the consequence that a realistic 
Yukawa sector can be realized. After reduction of the 
5D theory, there are some ^-symmetries in 4D which 
can provide for an automatic baryon number conserva- 
tion, thereby guaranteeing a stable proton. The same 
7?.-symmetry is also crucial for avoiding an unacceptably 
large /z term in unbroken N = 1 SUSY limit. We also 
briefly consider neutrino masses as well as oscillations. 



II. 5D SUSY SU(4) C x SU(4) l +r MODEL AND ITS 
ORBIFOLD BREAKING 

We consider a SU(A) C x SU(A) L+R = G44 sypersym- 
metric model in 5D dimension. In 4D notation we have 
N = 2 SUSY, where the chiral supermultiplct 3>n=2 — 
($, $) contains two N = 1 chiral supermultiplets 
<I> transforming as p and p-plets respectively under the 
gauge group. Under <I> we denote all 'matter' and/or 
'scalar' superfields of the model, while $ indicate their 
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mirrors. The N — 2 gauge superfield is Vat =2 = (V, £), 
where V and £ are TV = 1 vector and chiral supcrfields in 
the adjoint representation of the gauge group. In terms 
of N = 1 components, the 5D action includes [8]: 

S^= J#x{l$>+Cf), (1) 

where 

Cf = ^ f d 4 6 {[V2d 5 V + Z+)e- v (-V2d 5 V + H)e v + 



d 5 e- v d 5 e v ) + \ d 2 9W a W a + H.c. , (2) 



SU{4) c xSU(4) L+R - SU(4) c xSU(2) L xSU(2) R xU(l) , 
where the generator of £7(1) is 

r &(1) = ^-Diag(l, 1, -1, -1) , (8) 

with SU(A)l +r normalization. In terms of G422 x U(l), 
the fermionic fragments read 

F c = (4, 1, 2)_i , F=(4, 2, 1)! , 

F c = (4, 1, 2)x , F=(4, 2, l)_i , (9) 

where subscripts denote t/(l) charges in units of 1/V8 
[see (8)]. Decomposition of 5/7(4) l+r adjoint yields 



d-0<]> ( Ms + d 5 - -^=S ) <[' [I.e. 



(3) 



and W a are the supersymmetric field strengths. The ac- 
tion in (1) is invariant under the gauge transformations: 



e A e v ~ A 



e A+ , £^e A (£- V2d 5 )e~ 



(4) 



Next we introduce one matter N — 2 supermultiplct 
Fat=2 = (F,F) per generation where, under G44, F and 
F transform as 



15 L+R = (3, 1) + (1, 3) + (1, l)o + (2, 2)_ 2 + (2, 2) 2 • 

(10) 

Under Z 2 the fifth coordinate y changes sign y — > — y. 
Because of this, states with positive and negative parities 
<&+, <!>_ can be written in factorizcd forms 



n— 00 
n=0 



n— 00 



F ~ (4, 4) = (F , F) , F <~ (4, 4) = (F c , F) , (5) 
with 



/ Ul c , dA 



F = 



u 



-j c 

2 7 °_2 



Ml , 


dA 




d2 ] 


U3 , 


t 







As expected, <&_ in (11) lacks zero modes on S^/Z 2 
orbifold. The fixed point y = will be identified with a 
3-brane corresponding to our 4D world. The Z 2 parities 
of the various fragments of the gauge (Vat =2 ) and matter 
(Fat =2 ) supcrfields are shown in Table 1. 

Under Z 2 , the D-terms in (2), (3) involving Vn=2 and 
Fat=2 states are invariant. The F-tcrms in (3) can be 
written schematically as 



fui 



F= 



lux 


dA 


u 2 


d 2 




d 3 


V*> 





(6) 



It is clear that (6) is just the chiral content of SU{A) C x 
SU(2) L x SU(2) B , = G422 model [7], supplemented by 
mirrors. It will turn out that mirrors can be projected 
out after compactification of the fifth dimension on the 
orbifold S^/Z 2 . The G44 symmetry is broken by orb- 
ifolding via the channel 



F c [ d 5 --j= [E(15 c ) +S(1, 3) +S(1, 1)] ) F + 



F [ 8 5 --j= [S(15 c ) +S(3, 1) +S(1, 1)] ) F 



--i=FE(2,2)F c - -^=F C E(2,2)F+ H.c. (12) 
Note that bare mass terms are forbidden by Z 2 symmetry. 
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TABLE I: Z2 parity numbers of gauge, matter and scalar 
superfields 





Multiplets in terms of G422 x (7(1) 


^2par. 


Vjv=2 


V(15 c ), V(3,l) , V(l,3) 0j 
V(l,l) , E(2,2)_ a , E(2,2) 2 


+ 


E(15 c ) , E(3,l) , E(l,3) , 
E(l,l) , K(2,2)_ 2 , V(2,2) 2 


— 


Fjv=2 


F(4,2,l)i, ^(4,1,2)1 


+ 


F(4,2,l)_i, F"(4,l,2)-i 




Hjv=2 


H c (2, l,2)i, £f-(4,l,2)_i 


+ 


ff(4,2,l) 1; ff(4,2,l)_! 




fJjv=2 


^(6, 1,1)2 ,D 2 (6,l,l)-2 ,P(6,2,2)„ 


+ 


Di(6, 1,1)2 ,i?2(6,l,l)-2 ,P' (6, 2,2)o 




*JV=2 


S(l,l,l)_ 2 ,S(1,1,1) 2 , fc(l, 2, 2)o 


+ 


S'(l,l,l)_2 ,5'(1, 1,1)2 ,h'(l,2,2)o 





From Table 1 the gauge fields with positive Z 2 par- 
ity are just those of G422 x U(\). The E states in the 
same representations have opposite parities, so that com- 
pactification gives 4D N = 1 SUSY. By the same token, 
on S^/Z 2 orbifold we only have F, F c chiral states. 
From the charges in (9) we see that the U(l) symmetry 
is anomalous at 4D level (although in 5D the theory is 
vector- like and anomaly free). The appearance of chiral- 
ity and anomaly on the boundary of higher dimensional 
theory is not surprising and was observed a long time 
ago [9], [10]. In our orbifold scenario localized anomalies 
on orbifold fixed points y = (brane identified with our 
4D world)and y = irR (hidden brane) are generated and 
divergence of five dimensional current has form [11] 

D A J A = \ [6(y) + 5(y- nR)) , (13) 

where A ~ Tr[T a {T h , T c }]. 

We see that the anomalies on the fixed points have the 
same sign and differ by a factor 2 from 4D anomalies. To 
cancel the anomalies in (13) and make the theory self- 
consistent, the bulk Chern-Simons term can be applayed 
[8]- [13]. Since the CS term on boundaries induce contri- 
butions with opposite signs, it is impossible to simulta- 
neously cancel the anomalies on both fixed points unless 
some additional states are involved [12], [13]. We will 
show how to add some states oni/ = ttR brane such that 
the anomalies on y = and y = irR will have opposite 
signs, i.e. the condition 

will be satisfied. 

Since G44 is broken to G422 x U (1) on both fixed points, 
we will add on y — irR brane states which transform un- 
der the latter gauge group. Namely, selecting the states 



as iV 6 x (6, 1, l)- 2 +N 2 x (1, 2, 2)_ 2 + A r i x (1, 1, 1) 2 (where 
^6; -^Vl.2 denote number of appropriate representations), 
one can check that for (N 6 ,N 2 ,Ni) = (3,3,24) we will 
have 

A hr [SU(4) 2 c - U(l)} = A hl [SU(2)l - [7(1)] = 

A bT [SU(2) 2 R -U(l)} =-6 , A br [U(lf] = -48 . (15) 
Since, with 3 x (F + F c ) states we have 

A[SU(4f c -U(l)]=A[SU(2)l-U(l)} = 

A[SU(2)%-U(1)] = 6, A[U(lf] = 48 , (16) 

using (15), (16) the relation (14) is indeed satisfied, which 
is sufficient to cancel anomalies by the bulk CS term. Of 
course for the latter to work, there are a variety of pos- 
sibilities. Namely, one can introduce additional states 
either on both fixed points, or in the bulk, or simulta- 
neously on the fixed points and in the bulk [13]. We 
have presented just one example to demonstrate how the 
anomaly cancellation mechanism works out and the the- 
ory becomes selfconsistent. 

For G422 breaking we need additional scalar super- 
fields. For this purpose, and also for decoupling some 
unwanted colored triplets [16], in 5D we introduce 7Y = 2 
supermultiplcts Hjv = 2 = (H, H) and £In=2 = (H, fl). 
Under G44, 

H = (4, 4) = (H c , H) , H = (4, 4) = (H c , H) , 

n = (6,6), 0=(6,6). (17) 

In terms of G422 x U{1) the H, H decompose as F and 
F [see (5), (6), (9)], while for f2, D, we have 

n = (6, 6) = £>i(6, 1, 1) 2 + D 2 (6, 1, 1)_ 2 + P'(6, 2, 2) , 

n=(6,6)=Si(6,l,l)_2+S 2 (6,l,l) 2 + P(6,2,2)o . 

The transformation properties of fragments from Hjv=2, 
&n=2 under Z 2 orbifold symmetry are given in Table 1. 
In 4D we are left with H c , ~H c , Di, D 2 , and P, with 
the remaining states projected out. The state P is self 
conjugate and neutral under anomalous 17(1), and at 4D 
level it gains mass through the superpotential coupling 
MP 2 (M - M G ) and decouples. The states {v c +V C ) H 
from H c and H respectively, develop non zero VEVs 
(<~ Mq) so that the symmetry G422 is broken down to 
SU(3) C x SU(2) L x U(1) Y = G321. For correct symme- 
try breaking we have to avoid the mass term MhH H c 
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[which otherwise would cause unacceptable SUSY break- 
ing in 4D] . This is easily achieved by introducing Z 2 sym- 
metry (not to be confused with Z 2 orbifold symmetry), 
under which H -» —H, H c -> -H ° (e.g. H -» -H). 
All D-terms in (3) involving Hjv =2 and 1~2at =2 states are 
invariant under Z 2 and Z 2 . 



777 C T-T C 



During G422 breaking, the states u c , e c and u 
from H° and if are absorbed by the appropriate gauge 
fields, while d c + d are still massless. However, they can 
acquire masses by mixings with appropriate states from 
Di 2- The relevant 4D superpotential couplings are 



X 1 H C H C D 2 + X 2 H if D 1 + M D D X F) 2 



(19) 



where Ai j2 are order unity dimensionless couplings, and 
Mb ~ Mq. After substituting appropriate VEVs in (19), 
mass matrix for color triplets is given by 



Mi 





dw 


d Dl 


d D 2 




' 









\ 2 v 





M D 


d£ 2 \ 


v 


M D 






(20) 



where V is the VEV of if c , if along the G321 singlet 
direction. This shows that the triplets from ff c , if gain 
the masses through mixings with the triplets of D\. 2 . 



III. YUKAWA SECTOR 

Turning to the Yukawa sector, recall that from Vjv =2 
supermultiplets, the N = 1 chiral superfields E(2, 2)_ 2 = 
E_ 2 and E(2, 2) 2 = E 2 have positive Z 2 parities (see Ta- 
ble 1) and are therefore not projected out. These states 
are bi-doublets and E_ 2 has coupling with matter even 
at 5D level [last term in (12)]: 



(21) 



However, E_ 2 cannot contain the MSSM higgs doublets 
because it forms a massive state with E 2 , 



M S E_ 2 S 2 . 



(22) 



In order to build a realistic Yukawa sector we introduce 
a new state &n=2 = (*, *), where 

* = (1,6) = /i(l, 2,2)o 1) 2 + 5'(1,1,1)_ 2 , 

* = (1, 6) = h'(l, 2, 2)o + 5(l,l, 1)2 + 5(1, 1,1)_ 2 . (23) 

With the transformation properties for the fragments 
of *&n=2 presented in Table 1, the states h, S, S are not 
projected out. These states turn out to be crucial for 



realistic Yukawa sector. The D-terms in (3), involving 
fragments of \&tv=2j & re invariant under orbifold symme- 
try, while the relevant allowed F-terms are SY;_ 2 h and 
SY, 2 h. Combining these two terms with (22), the relevant 
superpotential couplings are 



SZ- 2 h + SY> 2 h + M S E_ 2 E 2 



(24) 



Since U(l) is anomalous, the Fayet-Iliopoulos term 
£ J d i 9Vfj^ will be allowed in 4D, and we assume that 

£ > 0. The singlet S has negative U(l) charge, so it 
can be used for its breaking. So, Cancelling the £-term, 
(S) - VZ, while (S) = 0. From all this and from (24), 
one can see that the light bi-doublet h belongs with equal 
weights to both E_ 2 and h [if (S) <~ M s ]. Taking into 
account (21), the Yukawa coupling 



FF c h 



(25) 



is generated which, however yields' degenerate masses for 
up-down quarks and charged leptons. This drawback ex- 
ists in all minimal versions of G422 , and for its resolution 
some additional mechanisms must be applied [17], [18]. 
We do not go through the details of this issue here and 
refer the reader to [17], [18], where realistic patterns of 
fermion masses and mixings are constructed. Let us note 
that the anomalous 17(1) also can be exploited for under- 
standing and solving various puzzles such as mechanism 
of SUSY breaking, suppression of FCNC baryon number 
conservation etc. in the spirit of refs. [22], [23]. 



IV. /i-TERM AND BARYON NUMBER 
CONSERVATION 



5D SUSY theories have global 7\L-symmetries, some of 
which after compactification survive in our G44 model. 
These symmetries can be successfully employed for lep- 
ton and baryon number conservations [19], [18]. Namely, 
terms in (25) have an accidental 7?.-symmetry: F — > 
e la F, F c — ► e~ la F c . This symmetry automatically for- 
bids all matter parity violating couplings as well as d = 5 
operators such as FFFF, F C F C F C F C . Thus, in this case, 
the LSP is expected to be stable. Also, since gauge medi- 
ated nucleon decay is absent in our model, conservation 
of baryon number is guaranteed to all orders in pertur- 
bation theory. Note that lepton number is also conserved 
at this stage by the same 7£-symmetry[24]. 

If we wish to accommodate the atmospheric and so- 
lar neutrino data [4], [5] we should generate non-zero 
but tiny neutrino masses. In particular, lepton number 
must be broken. It turns out that by modification of 1Z- 
symmetry, one can violate lepton number, but still con- 
serve B. The appropriate fields transform as F c — > e la F c , 



3ia 



F, h 



e^h, S -» e^-^S, (E_ 2 ,E 2 ) 



F - 

(E_ 2 ,E 2 ), with the superpotential W 
relevant couplings are 



e 4ia W. The 
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FF C Y,_2 + ST, 2 h . (26) 

The MSSM doublet-antidoublet pair now resides in £_2, 
while £2 decouples with h [second term in (26)] forming 
mass <~ (5) ~ Mq- 

Note also that U(l) x 7^-symmetry guarantee a zero 
H term, and its generation should be achieved by some 
additional mechanism (one possibility is a non-minimal 
Kahler potential [20]). 

The terms in (19) are consistent with this 1Z- 
symmetry, with transformation properties (H C ,H ) — ► 
e ia (H c ,H c ), D h2 -> e 2ia D ia . Note that all the D and 
F-terms in (3) are still allowed by 7?.-symmetry with 

F -» e ia F, F c ->_e 4ia F c , * -> e i/3 tf_(e.g. all frag- 
ments living in ^tf -» e i (4a-/3)^, ; (# ; #) e ia(# ; #) ; 

(f2,f2) — > e 2la (Q, f2). Thus, 7\L-symmctry applies to the 
full theory. Since the 7?.-charges of H c and F c superficlds 
are the same, we must impose 'matter' parity by hand in 
order to eliminate some undesirable couplings. 

The couplings generating Majorana masses for the 
right handed neutrinos (in F c ), read 

j^iFVy. (27) 
From (27), Mr <~ Mq/Mp and neutrino mass m v ~ 

h 2 

jjt Mp ~ 0.1 eV is readily obtained (we have taken 

M P = 2.4 • 10 18 GeV, the reduced Planck mass, and 
h u denotes the VEV of the higgs doublet that gives rise 
to Dirac neutrino mass), just the scale needed for ex- 
plaining the atmospheric anomaly. The scale for solar 
neutrinos can be obtained through a suppression of ap- 
propriate Yukawa couplings in the Dirac type neutrino 
mass matrix. For realizing desirable values for mixing an- 
gles within various oscillation scenarios, the mechanisms 
suggested in [18], [21] can be applied. 

Turning to the issue of baryon number conserva- 
tion, the Planck scale d = 5 operators jj^(FFFF + 
pcpcpcpcj are f or bidden by 7^-symmetry. As far as the 
couplings qqT + qlf + u c d c T + u c e c T are concerned (T, f 



indicate colored triplet states which could induce d = 5 
operators, after they are integrated out), due to 1Z charge 
prescriptions the couplings qqT+qlT do not emerge at all. 
The coupling u c e c djj" emerges from (27) after extracting 
from H c the triplet state d-jj<=. The coupling F C F C D 2 
yields u c d c d c D2 . However, looking at (20), we see that 

there is no mass insertion between djj" and d c D2 states, 
so the appropriate d — 5 operators do not emerge. This 
means that baryon number is conserved in our model. 



V. CONCLUSIONS 

In conclusion, we note that the gauge group G44 can it- 
self be embedded in a higher dimensional SO (12) model. 
The decomposition of appropriate 50(12) representa- 
tions in terms of G44 are as follows: 

12 = (6, 1) + (1, 6) , 32 - (4, 4) + (4, 4) , 

66 = (6, 6) + (15, 1) + (1, 15) , (28) 

We see on the right hand sides all of the G44 multi- 
plets involved in our 5D SUSY G44 scenario. There- 
fore, it is reasonable to think about higher dimensional 
(say D = 6) unification of G44 in SO (12). The break- 
ing of 50(12) could occur through the steps 50(12) — > 
G44 — > G422 x U(l). Details of these and related is- 
sues and their phenomenological implications will be pre- 
sented elsewhere. 
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